Gene expression profiling studies initially enabled diffuse large B-cell lymphoma to be divided into germinal center and activated B-cell-like subtypes, which define high-and low-risk patient groups when treated with chemotherapy. Attempts to reproduce the prognostic classification immunohistochemically have, however, provided inconsistent results. The aim of this study was to determine whether modified immunohistochemical classification of cell of origin focusing on activated B-cell-like markers could be used to predict the outcome of immunochemotherapy-treated diffuse large B-cell lymphoma patients. The expression of CD10, Bcl-6, MUM1/ IRF4, Bcl-2, and FOXP1 was determined immunohistochemically from 88 samples of diffuse large B-cell lymphoma patients treated uniformly with R-CHOP. When the modified classification using MUM1/IRF4 and FOXP1 positivities as activated B-cell-like markers was applied to distinguish the patients between the activated B-cell-like and other diffuse large B-cell lymphoma subtypes, a significantly worse outcome was seen for the patients with the activated B-cell-like phenotype (3-year failure-free survival 63 vs 82%, P ¼ 0.048, overall survival 69 vs 85%, P ¼ 0.110). Similarly, according to the Muris algorithm, the group 2 patients representing Bcl-2-positive post-germinal center patients showed an inferior outcome in comparison to the group 1 patients (failure-free survival 59 vs 81%, P ¼ 0.041, overall survival 67 vs 82%, P ¼ 0.159). In contrast, when the classification of the same cohort was performed according to the Hans algorithm, no significant difference in survival was observed between the germinal center and non-germinal center patients. In conclusion, the data suggest that both the modified activated B-cell-like and Muris classifications define the non-germinal center phenotype as an adverse risk factor in R-CHOP-treated diffuse large B-cell lymphoma patients. Modern Pathology (2009Pathology ( ) 22, 1094Pathology ( -1101 doi:10.1038/modpathol.2009 published online 15 May 2009 Keywords: diffuse large B-cell lymphoma; MUM1/IRF4; activated B-cell-like; R-CHOP; prognosis Diffuse large B-cell lymphoma is the most common lymphoma subtype, accounting for 30% of all nonHodgkin's lymphomas. It shows an aggressive clinical course, and comprises a heterogeneous group of lymphomas in terms of morphology, immunophenotype and molecular abnormalities.
Diffuse large B-cell lymphoma is the most common lymphoma subtype, accounting for 30% of all nonHodgkin's lymphomas. It shows an aggressive clinical course, and comprises a heterogeneous group of lymphomas in terms of morphology, immunophenotype and molecular abnormalities. 1 Currently, a combination of the anti-CD20 antibody, rituximab, with an antracyclin-based chemotherapy regimen (immunochemotherapy) is accepted as a standard first-line treatment, [2] [3] [4] [5] and depending on the clinical and biological features 50-70% of the patients can be cured.
Based on gene expression profiles diffuse large B-cell lymphoma can be divided into molecular subtypes. Two major subgroups, displaying germinal center B-cell and activated B-cell-like signatures, have been identified. 6, 7 The classification has prognostic significance in response to chemotherapy, as the patients with the germinal center signature have a better survival compared to the patients with the activated B-cell-like signature. According to recent data, the prognostic impact of this gene expression-based classification is not affected by the addition of rituximab to chemotherapy. [8] [9] [10] Confirmation of these findings remains, however, limited and gene expression technology is not currently available for routine clinical use.
As immunohistochemical classification of cell of origin would be more practical than the gene expression-based methods, several attempts have been performed to identify the germinal center and non-germinal center subgroups of diffuse large B-cell lymphoma immunohistochemically. The most widely applied Hans algorithm based on immunostaining for CD10, Bcl-6, and MUM1/IRF4 reproduces the gene expression-based classification of germinal center and non-germinal center subtypes with a misclassification rate of 20%. 11 According to some studies, immunohistochemically defined germinal center patients have a significantly better survival than the non-germinal center patients, [11] [12] [13] whereas in other studies no differences in the survival rates have been seen. [14] [15] [16] In the immunochemotherapy era the results have also been inconsistent. For example, we and others found no significant correlation between the cell of origin and outcome in the patients treated with immunochemotherapy. [17] [18] [19] [20] [21] [22] In contrast, Fu et al 23 reported a trend towards a better event-free survival and a significantly better overall survival for the patients with the germinal center phenotype as compared with the non-germinal center group of patients. Another approach to immunohistochemically define subgroups of diffuse large B-cell lymphoma has been recently reported by Muris et al 24 Based on the expression of Bcl-2, CD10, and MUM1/IRF4 the algorithm defines the Bcl-2-positive, CD10-negative, and MUM1/IRF4-positive immunophenotype (group 2) as an adverse risk factor for chemotherapy-treated patients. However, the utility of the algorithm needs to be confirmed in the rituximab-era.
Both biological and technical factors are likely to account for the inconsistent results obtained in the immunohistochemical studies. Biological factors include patient-and treatment-related features, such as the heterogeneity of patient populations and variable treatment regimens. Technical factors in turn are related to technical variations in staining protocols, the differences in the use of tissue microarray or whole tissue sections, the fixation of slides, the use of different primary antibodies, and scoring of the data. Recently, the Lunenburg Lymphoma Biomarker Consortium has been established to unify immunohistochemical methods in biomarker research. So far, the group has focused on standardization and validation of markers with prognostic impact in diffuse large B-cell lymphoma, concentrating especially on variations in techniques and scoring interpretation. 25 The reproducibility of the results has been observed to be poor, especially for Bcl-6. Furthermore, in a separate study the determination of the germinal center phenotype from the widely used tissue microarray has been observed to be unreliable, due to difficulties in interpretation of Bcl-6 status on tissue microarray in comparison to whole tissue sections. 26 According to our experience, the staining and interpretation of Bcl-6 has also been the most challenging.
The aim of this study was to establish an immunohistochemical approach, which could be used as a part of routine diagnostic procedures to classify germinal center and non-germinal center subtypes correctly. To avoid misclassification due to Bcl-6 we focused on the markers related to the activated B-cell-like phenotype. To avoid heterogeneity of the patient cohort we excluded other chemotherapy regimens than R-CHOP. Finally, to take into account the tissue heterogeneity tissue microarrays were excluded and only whole tissue sections of lymphoma samples were accepted in the study.
Materials and methods

Patients and Treatments
The retrospectively collected data consisted of 88 de novo CD20-positive diffuse large B-cell lymphoma patients treated between 2002 and 2006 in University Hospitals of Helsinki, Finland, and Lund, Sweden. Cases with primary mediastinal large B-cell lymphoma, primary central nervous system diffuse large B-cell lymphoma, or involvement of low-grade lymphoma were excluded from the cohort. All patients were immunocompetent. The patients were treated uniformly with a combination of rituximab (R) and CHOP regimen (cyclophosphamide, doxorubicin, vincristine, and prednisone). The baseline clinical characteristics were collected and the risk stratification scoring performed applying the International Prognostic Index and revised-International Prognostic Index. 27, 28 The institutional review boards in Helsinki and Lund, and the Finnish National Authority for Medicolegal Affairs approved the study protocol.
Immunohistochemical Stainings
The immunohistochemical stainings were performed on formalin-fixed, paraffin-embedded 4 mm lymphoma tissue sections in Helsinki as described earlier using antibodies for CD10 (1:200; Novocastra Laboratories), Bcl-6 (1:20; Dako Cytomation), MUM1/IRF4 (1:100, Dako Cytomation), Bcl-2 (1:100, Dako Cytomation), and FOXP-1 (1:80; JC12, A Banham). 21 The slides were scored positive for CD10, Bcl-6, and MUM1/IRF4, if 30% or more of the lymphoma cells were positive. For Bcl-2 and FOXP1 positivities the cutoff levels were 50 and 100%, respectively. No follicular areas in the histology were analyzed.
Three different algorithms were used ( Figure 1 ). Using the Hans algorithm (Figure 1a ), the cases were assigned to germinal center phenotype, if CD10 alone or both CD10 and Bcl-6 were positive. If both CD10 and Bcl-6 were negative, the case was considered to belong to the non-germinal center subgroup. MUM1/IRF4 expression determined the subgroup in cases where CD10 was negative, and Bcl-6 positive: a MUM1/IRF4-positive case was assigned to the non-germinal center subgroup, whereas a MUM1/IRF4-negative case belonged to the germinal center subgroup. According to the Muris algorithm (Figure 1b) , the cases were considered to belong to group 1 if Bcl-2 was negative or if Bcl-2 and CD10 were positive. In the cases were Bcl-2 was positive but CD10 negative, the MUM1/ IRF4 expression determined the subgroup: MUM1/ IRF4-negative cases belonged to group 1, whereas MUM1/IRF4-positive cases belonged to group 2. In the modified activated B-cell-like classification (Figure 1c) , the cases expressing MUM1/IRF4 or FOXP1 were considered to belong to the activated B-cell-like subgroup, and the rest of the cases were assigned as others.
Statistical Analysis
Failure-free survival was calculated as the period between diagnosis and date of relapse or death of any cause. Overall survival was determined from the time of diagnosis to death or date of last follow up. The level of agreement between the classifiers was evaluated by Kappa statistics. The Kaplan-Meier method was used to estimate the survival rates and the differences were compared with log-rank test. Chi square test was performed to evaluate the differences in the frequency for the prognostic factors. All P-values were two-tailed. A significant level of probability was considered as less than 0.05. The statistical analyses were done with SPSS 14.0 for Windows (SPSS Inc., Chicago, IL, USA).
Results
Patient Characteristics
Our cohort included 88 diffuse large B-cell lymphoma patients uniformly treated with the R-CHOP regimen. The patient characteristics are presented in Table 1 . Although majority of the patients were older than 60 years and had advanced disease they belonged to the low International Prognostic Index risk group. The patients were further divided into subgroups according to modified activated B-cell-like classification. They were included in the activated B-cell-like group, if either MUM1/IRF4 or FOXP1 expression was positive (n ¼ 46). The subgroups were well balanced according to sex, Ann Arbor stage, and International Prognostic Index risk groups. However, patients with the activated B-cell-like phenotype had more often an extranodal involvement in comparison to the other patients (P ¼ 0.059). The same difference was also observed with the other algorithms (Hans P ¼ 0.021, Muris P ¼ 0.002). In addition, with the median age of 66.6 years (range 18-84 years), the patients with the activated B-cell-like phenotype tended to be older than the others. No significant difference was seen if the patients were compared according to age groups (o60 vs Z60 years).
The division of patients according to modified activated B-cell-like classification correlated significantly with all previous characteristics of the immunohistochemically defined germinal center or non-germinal center subtypes; the Hans algorithm (Po0.001), the Muris algorithm (Po0.001), the germinal center-associated markers CD10 (Po0.001), and Bcl-6 (P ¼ 0.001). Thirty-three percent positivity of CD10 was similar to previous reports. 11, 12, 14, 24, 29, 30 The misclassification rate for the modified classification was 14% in relation to the Hans algorithm and 16% in relation to the Muris algorithm. According to Kappa statistics, the mea- 
Survival Analysis
After a median follow-up time of 37 months, the estimated 3-year failure-free survival was 72% and 3-year overall survival 77% for all patients. According to International Prognostic Index risk stratification, a significant difference in the outcome was observed between the low-risk (International Prognostic Index score 0-2) and high-risk (International Prognostic Index score 3-5) groups (failure-free survival 84 vs 53%, P ¼ 0.002 and overall survival 85 vs 63%, P ¼ 0.012, Figure 2a and b) . As previously shown, revised-International Prognostic Index could also distinguish the patients into three risk groups with very good, good, and poor outcomes (failure-free survival 100 vs 82 vs 53%, overall survival 100 vs 83 vs 63%, Figure 2c and d). In contrast, no significant difference in the survival was observed between the patients with nodal restricted disease and the ones also having extranodal affisions.
The clinical outcomes according to the modified activated B-cell-like classification are shown in Figure 3a and b. Interestingly, the activated B-celllike group of patients showed a significantly worse failure-free survival and a trend for an inferior overall survival in comparison to the other patients (failurefree survival 63 vs 82%, P ¼ 0.048, overall survival 69 vs 85%, P ¼ 0.110). Similarly, the group 2 defined by the Muris algorithm had an adverse outcome compared with the group 1 of patients (failure-free survival 59 vs 81%, P ¼ 0.041, overall survival 67 vs 82%, P ¼ 0.159; Figure 3c and d) . In contrast, when the germinal center and non-germinal center phenotypes were determined according to the Hans algorithm, no difference in survival between the two subgroups was observed (FFS 70 vs 75%, P ¼ 0.631, OS 76 vs 77%, P ¼ 0.894; Figure 3e and f).
Discussion
The gene expression signature of diffuse large B-cell lymphoma consists of two major prognostically different subtypes, the germinal center and activated Classifications of diffuse large B-cell lymphoma H Nyman et al B-cell-like phenotypes [6] [7] [8] 10 and a third miscellaneous category, type 3, that also has a poor outcome. 7 Attempts have been made to reproduce this classification immunohistochemically to facilitate the simple identification of high-risk patients in routine clinical practice. These generally rely on the identification of germinal center vs non-germinal center derived lymphomas rather than the three categories identified by gene expression profiling. Algorithms based on combinations of CD10, Bcl-6, Bcl-2, and MUM1/IRF4 expression have been reported to distinguish two clinically relevant subgroups of patients. 11, 24, 31 However, several studies have not been able to confirm the prognostic impact of the algorithms on survival. [14] [15] [16] [17] [18] [19] [20] [21] [22] In this study, we focused on the identification of the markers related to the activated B-cell-like phenotype. The importance of the transcription factors MUM1/IRF4 and FOXP-1 as markers for the activated B-cell-like signature is well established. 6, 7 Likewise, the expression of the anti-apoptotic Bcl-2 has been related to the non-germinal center phenotype. 6 By using the modified immunohistochemical-activated B-cell-like classification, we could show that the activated B-cell-like subgroup with MUM1/IRF4 and FOXP1 positivity has a significantly inferior failure-free survival in comparison to the other diffuse large B-cell lymphoma patients. Furthermore, using the Muris algorithm we found that the patients with Bcl-2-positive, CD10-negative, and MUM1/IRF4-positive phenotype (group 2) have an adverse outcome in comparison to the rest of the patients (group 1). However, when the classification of diffuse large B-cell lymphoma was performed according to the Hans algorithm, no difference in the outcome was observed between the subtypes. A minor misclassification rate was demonstrated between the separate algorithms. In our patient cohort, the modified activated B-cell-like classification was more applicable than the Muris algorithm, where the group 2 consisted of more high-risk patients than the group 1 (data not shown). As the classification is based on two markers, it is also technically simpler than the others, as well as more cost effective.
The reason for the difference in the prognostic impact between the activated B-cell-like associated classifications and the Hans algorithm remains to be established, but it may be associated with the Bcl-6 staining, which is a prominent germinal center-associated determinant. In the Hans algorithm, the Bcl-6 staining influences the definition of the phenotype in about 70% of the CD10-negative cases. There are data indicating that the Bcl-6 stainings are unreliable when they are compared between different units. 25 Although the distribution of the prognostic markers is very similar in most studies, possible inconsistency follows as an algorithm takes into account all different immunostainings for the individual patient. Therefore, the algorithm should be based on reliable stainings, and the Bcl-6 staining should possibly be excluded. Alternatively, different, more accurate Bcl-6 antibody should be used.
The primary studies describing the Hans and Muris algorithms 11, 24 are based on immunohistochemical analysis made on tissue microarrays. The heterogeneity within the tumor tissue of diffuse large B-cell lymphoma may, however, be underestimated in a tissue microarray that represents only a small proportion of each lymphoma sample. Accordingly, tissue microarray has been reported to be inappropriate for the analysis of Bcl-6 in diffuse large B-cell lymphoma in comparison to staining of whole tissue lymphoma sections. 26 The explanation for the differing staining results may be due to poor tissue microarray-sampling or heterogeneity of the staining patterns. By comparing these algorithms on whole sections from the same group of patients our study enables a direct comparison of their effectiveness without any bias being introduced through tissue microarray sampling.
The previously reported algorithms and our modified activated B-cell-like classification are attempts to identify the subgroups of diffuse large B-cell lymphoma immunohistochemically. The proposed modified activated B-cell-like classification needs to be tested further in a prospective study to Classifications of diffuse large B-cell lymphoma H Nyman et al
